We present a bioeconomic model for moose Alces alces management in Norway, where two sub-populations of moose are subject to different site-specific mortality rates caused by the spatial distribution of territorial wolf Canis lupus packs, and are coupled by the seasonal migration of moose. The costs and benefits of moose are asymmetrically distributed in space, since they congregate in the wolf territory during winter where most browsing damage occurs. Using a class-structured matrix population model as the basis for bioeconomic analysis, we investigated how the optimal moose management differed between a unified (i.e. maximising overall profit) and a non-unified (i.e. profit maximised at the level of individual landowners) management scheme. Within the unified management scheme, the combined marginal costs and benefits decide the optimal off-take rate, and the relative hunting value and damage costs decide the relative allocation of the harvest between the two sub-populations. In the non-unified management scheme, harvesting takes place up to the point where the private marginal hunting value equals the private marginal browsing cost, while the relative hunting value and damage costs do not influence the optimal management. As the browsing damage that occurs inside the wolf territory is not taken into account in the costs of the area outside the territory within the non-unified solution, optimal moose population size will be higher for the outer area than under the unified solution. This results in an overall economic loss, which increases with increasing migration rates. Whenever the boundaries of political or management units do not follow those of ecological processes, ignoring the spatial resolution of the ecological process will result in sub-optimal management of a renewable resource.
A large amount of literature exists on how to optimise the yield from exploited populations under different assumptions about the stochastic and deterministic patterns that shape the population dynamics (e.g. Clark 1990 , Lande et al. 2003 . However, determining acceptable harvesting policies remains one of the most challenging and controversial issues related to the management of renewable resources. One reason for this is that there is often a mismatch between the spatial scale of the different management units (e.g. protected areas and hunting areas, or land under different ownership) and the spatial scale at which population processes operate. So far, the fishery sciences have been most influential in increasing our understanding of the importance of space in management schemes, e.g. by showing the interdependency between the population processes in protected and exploited areas supporting the same interbreeding population (see discussion in Kritzer & Sale 2004) . By contrast, in terrestrial systems very few studies have incorporated spatial aspects when designing management plans although several recent studies have demonstrated the need for this (Milner-Gulland et al. 2000 , Salas & Kim 2002 , Skonhoft et al. 2002 .
From an ecological point of view, incorporating space into harvesting theory is important for at least two reasons: 1) if there is spatial variation in demographic rates (structure), site-specific harvesting rates could increase the long term yield and reduce the risk of local extinction due to overharvesting. Furthermore, 2) if the sub-populations are linked by migration or dispersal (coupling), management actions taking place in one patch will generally have an effect on the population processes in the other patch, and vice versa. As exploiting wildlife resources often generates important income in rural communities (Milner-Gulland & Bennett 2003 , Storaas et al. 2001 ), a sound understanding of the spatial structure underlying the population dynamics becomes even more important. In most European countries, the landowners hold the right to hunt and get the proceeds from the harvest (Gill 1990 ). There will often be interdependency between the different landowners, and the optimal management will depend on the spatial resolution of the management units compared to the population processes. For instance, Clutton-Brock et al. (2002) showed that the optimal management of red deer Cervus elaphus at the individual landowner level was dependent on the management strategies on neighbouring estates, due to sex-and density-dependent dispersal.
Furthermore, it has been shown that if managers aim to maximise the gross yield in a unified manner, the total revenue will typically be higher than if local landowners follow only their own narrow selfinterest as externalities are not taken into account (Skonhoft et al. 2002) .
Here, we present a bioeconomic model for moose Alces alces management in Norway, where two moose sub-populations experiencing two different site-specific mortality rates caused by the spatial distribution of wolves Canis lupus, are coupled by the seasonal migration of some individuals. However, as the wolf territory is located in a typical moose wintering area, moose from the surrounding areas will migrate into the wolf territory during winter, and move out again at the end of winter. Assuming that the wolf kill rates (moose killed/wolf/ year) are relatively constant over a range of prey densities (Eberhardt 1997 , Hayes & Harestad 2000 , this means that the predation pressure on the resident moose population inside the territory will be relaxed during winter as new individuals from the surrounding area enter the wolf territory and become susceptible as prey. In such a situation, the dynamics of the moose population inside the wolf territory will be linked to the dynamics of the surrounding moose populations. Moose also represent a cost for landowners due to browsing damage on economically important young pine trees Pinus sylvestris (Ho¨rnberg 2001) . As the damage primarily occurs during winter and since the moose population is seasonally migratory, some landowners outside the wintering areas could have the benefit of receiving the income from exploiting a large moose population without any costs, while other landowners could experience considerable economic losses due to browsing damage but without the benefits associated with hunting during autumn.
Building on available demographic data from Scandinavian moose populations (see Nilsen et al. 2005) , we analyse the outcome of different management strategies in this system. After having explored the ecological properties of our population model, we use this model as the basis for bioeconomic analyses. First, we study the optimal management within a unified management scheme, where the goal is to optimise the overall profit (i.e. the total harvesting income minus the total browsing damage costs) in biological equilibrium. We then compare this scheme with the non-unified management scheme, where the landowners try to maximise their own profit, and there is a strategic interaction among them. We illustrate the general solutions with numerical results from our study system.
Material and methods

Empirical system
We use the Koppang area in SE Norway (y61xN and 11xE, Fig. 1 ) and its wolf-moose ecological system as an empirical platform ). The area is dominated by boreal coniferous forest, with Scots pine Pinus sylvestris, Norway spruce Picea abies and birch Betula pubescens as the dominant tree species. The moose is the most abundant cervid in the area, although local populations of roe deer Capreolus capreolus and red deer are present at low densities. In 1997, a wolf pack settled in the area (the 'Koppang pack'), and the demography of the wolves, as well as their interplay with the moose, has been studied since (Gundersen 2003) .
The moose is a large ungulate with a northern circumpolar distribution (Franzmann & Schwartz 1998) , and a mean slaughter weight (about 50% of live body weight, Wallin et al. 1996) in Norway of ca 240 kg for adult males and ca 180 kg for adult females (Nilsen & Solberg 2006) . In Norway, the total annual moose harvest is currently about 35,000-40,000 individuals, with a meat harvest value estimated at US $70-90 millions (Storaas et al. 2001) . Harvesting rates are decided by the municipality wildlife management board after suggestions from the landowners, and there is currently considerable interest among landowner organisations to find the optimal balance between moose harvesting and timber production (Wam et al. 2005) . As a consequence, collaboration over larger areas (spanning the spatial scale of the moose population) is becoming more common, although conflicts of interest between landowners having summering and wintering areas are still widespread. The non-harvest mortality is generally low (Stubsjøen et al. 2000) due to a lack of large predators and the heavy hunting pressure leading to relatively few old individuals. However, in areas where the wolf has re-established, natural mortality rates may be considerably higher (Gundersen 2003 , Sand et al. 2005 to the extent that they are as high or higher than harvesting mortality for calves and cows (Gundersen 2003) . The migration patterns in our study population are fairly well understood (Gundersen 2003) , with annual variation in timing and magnitude driven by climate (mainly snow conditions).
In Scandinavia, the current wolf population numbers about 136-169 individuals (status winter 2006 / 2007 Wabakken et al. 2007) , with the packs patchily distributed like small islands throughout southern Scandinavia (Wabakken et al. 2001) . Consequently, the effect of wolf predation on the moose population is very localised . Throughout the study of the Koppang moose-wolf system (1997) (1998) (1999) (2000) (2001) (2002) (2003) , the number of wolves in the Koppang pack fluctuated between 2 and 11 individuals, without following even the crudest measures of moose density (Gundersen 2003). Pack size seems to be much more influenced by social factors, such as dispersal and removal of alpha individuals. Consequently, in our model, we did not allow the wolf to show a numerical response to changing moose densities, but rather explored the effects of different predation levels, representing different pack sizes and snow conditions (Post et al. 1999 ) and uncertainty in methodology used to estimate kill rates (Sand et al. 2005) .
Moose often cause economic loss for landowners due to browsing on commercially important tree species, in particular Scots pine (Ho¨rnberg 2001 , Ball & Dahlgren 2002 , Gundersen et al. 2004 ). Although landscape and forest stand characteristics complicate the picture (Ball & Dahlgren 2002 , Edenius et al. 2002 , damage tends to be most pronounced in typical moose wintering areas. Operational targets regarding forest species composition and stand density are often lacking, and thus quantification of the actual damage is uncertain. Indeed, very few studies have been successful in quantifying the actual economic loss caused by moose browsing (Reimoser et al. 1999) . Acknowledging that the actual picture is very complex, we assume here that the damage cost is related to the moose density during winter, without explicitly taking discounting due to the possible time lag between browsing and the occurrence of damage into account (see also Skonhoft & Olaussen 2005 ).
The ecological model
We use a matrix population model for the moose population to analyse the outcome of different management strategies. Specifically, our population model describes the dynamics of two moose subpopulations, inhabiting the area inside (hereafter the 'inner' area) and outside (hereafter the 'outer' area) the Koppang wolf territory, respectively. We assume both areas to be ca 1,000 km 2 (see also Nilsen et al. 2005) , although the size of the outer area is in reality uncertain. The inner area sub-population is non-migratory, staying inside the territory throughout the year (Gundersen 2003) . However, a fixed proportion (M) of the outer area sub-population migrates into the wolf territory in December-January and out again in March-April. For our study area, the migration rate for the outer area is largely unknown, although previous studies have suggested that ca 38% of the winter population in the inner area migrates out of the area in the spring (Gundersen 2003) . For this reason, we explored a wide range of migration rates in our numerical simulations. We divide the year into three seasons: summer, autumn and winter, with predation restricted to the summer and winter seasons, and harvest mortality as the only mortality factor during autumn. This simplification is justified by the fact that most of the harvesting takes place in only about one month in most areas in Norway.
Ungulate populations are strongly structured by sex and age (Gaillard et al. 1998) . However, as groups of age-classes tend to have quite similar demographic rates (e.g. , the dynamics can often be described by pooling age classes with similar demographic rates together rather than by fully age-classified matrix population models (Caswell 2001 ). Here we use a age-classified model with six classes (juvenile females, juvenile males, yearling females, yearling males, adult females and adult males) for each of the two subpopulations. Although moose often show senescence in both survival ) and reproduction , high harvesting pressure results in very few individuals becoming old enough for senescence to become an issue in our study population . To account for the different ecological processes occurring during different seasons, we introduce auxiliary variables, representing the season. N i,t spring , N i,t autumn , N i,t winter are thus the population size (i = inner, outer) at time t in the spring, autumn and winter, respectively, where the migratory proportion of the outer area population is included in the outer area population size also in winter. n c,i,t s is used to denote the number of individuals of a given class, where subscript c represents the class (e.g. juvenile females), and superscript s denotes season (e.g. spring) in year t. The population model (with survival probabilities and fecundities outlined below) is illustrated in Figure 2 .
Demographic rates
To parameterise the model, we use parameters from detailed studies of Scandinavian moose populations (cf. Nilsen et al. 2005) . So far, there is no evidence of density dependence in survival (Ericsson 1999 , Stubsjøen et al. 2000 within the range of moose densities in Scandinavia. Although Eberhardt (2002) noted that juvenile survival should be the first demographic rate to be affected by density, Gaillard et al. (2000) argued that for large ungulates (>50 kg), fecundity of primiparous females tends to be the first trait affected. Indeed, fecundity in moose has been shown to be affected by population density within the range of densities observed in Scandinavia (Sand et al. 1996) . In our population model, only reproduction is density dependent.
We assume that the females give birth for the first time as 3-year-olds , in early June. Consequently, only the adult class will contribute to the reproduction in our model. Although the shape of the density dependence in reproduction in moose is poorly understood, empirical data suggest that the effect is rather moderate at low densities, but becomes quite strong once reaching a threshold (see arguments in Fowler 1987) . To account for this, we use a density-dependent function modified after Maynard Smith & Slatkin (1973) (i.e. a sigmoidal curve with an increasing degree of density dependence at high densities) where R i,t is the site-specific fecundity rate (i=inner, outer) at time t with r as the maximum specific rate, i.e. when no crowding-effects are acting:
where K is the inflection point and b is the slope parameter of the function. For parameter values, see Table 1 . The functional response of the wolf to increasing moose densities has been a controversial topic (Eberhardt 1997 , Marshal & Boutin 1999 . However, this debate has mainly focused on the response at low moose densities, whereas at medium to high moose densities, as occur in our study area, kill rates seem to be relatively unaffected by moose density (see e.g. Eberhardt et al. 2003) . Although some recent studies have suggested that wolf kill rates are best modelled as a function of predator and prey densities (or the ratio of prey to predators; Vucetich Figure 2 . A schematic illustration of the population model. The top panel represents the sub-population inside the wolf territory ('inner'), whereas the bottom panel represents the sub-population outside the wolf territory ('outer'). In winter, a proportion (M) of the outside population migrates into the wolf territory, consequently experiencing the same winter mortality scheme as the inside population. At the end of the winter, they migrate out of the wolf territory again. For description of the demographic rates in the model, see Table 1. et al. 2002), we used a purely prey dependent functional response as we did not model the wolf population explicitly. Consequently, any change in prey density in our model will also result in a change in the predator-prey ratio. Thus, we chose to model the relationship between prey density and wolf kill rates as a type II functional response (e.g. Marshal & Boutin 1999) , given by the disc equation k ¼ an hþn , where a is the asymptotic kill rate and h is the prey density at which the kill rate is half of a. Thus, if a is the maximum total number of moose killed by wolves in one season (winter, summer) and k c is the proportion of a given class in the total wolf kills, the seasonal predation rate for the inner area (P(Á)) is then expressed as By using this function, only the inside population will be subject to predation during summer, whereas the migratory proportion (N out,t s M) of the outer subpopulation will also be subject to predation during winter. In the model, we assume that calves constitute the bulk of the wolf kills (see Table 1 ), as they clearly represent the most important part of the wolf kills in Scandinavia, whereas no adult bulls are killed (Gundersen 2003 , Sand et al. 2005 . We assume that an equal number of animals are killed by wolves during the winter and summer seasons.
Seasonal non-predation mortality rates derived from Stubsjøen et al. (2000) were used to parameterise the model (see Table 1 ). We assume that the nonpredation mortality rates (Q(Á)) are similar between the two sub-populations. The seasonal survival rates for each class (S(Á)) are given as S Note that the migratory part of the outer population is subject to similar survival rates as the inner population during winter (see Fig. 2 ). Parameter values are given in Table 1 .
Dynamics of the population model without harvesting Exploring the model within the parameter range (given in Table 1 ), but without harvesting, resulted in a stable equilibrium population size approached asymptotically. The equilibrium population size for the inner area sub-population was affected by the predation pressure and, to a lesser extent, by the migration rate (Fig. 3a) . The outer area sub-population size was also affected by both parameters, but the effect of predation became stronger as the migration rate increased (see Fig. 3b ). Although the stable equilibrium densities seem high compared to reported Scandinavian moose densities (ca 5 moose/ km 2 from the model output, compared to on averageca 1.0 moose/km 2 for Scandinavia, see Ho¨rnberg 2001, Lavsund et al. 2003) , that is because the latter are heavily harvested populations. The equilibrium densities generated by our model in situations with harvesting are within the range observed in Scandinavia (Fig. 4) . We are thus confident that our model represents the moose population dynamics fairly well.
Dynamics of the ecological model with harvesting
In our model, the harvest is restricted to a short period in the autumn (late September to late October). Consequently, the harvest takes place before migration. Here we are not interested in the effects of selective harvesting, so in the interests of simplicity we assume that the same fraction, h i , (i= inner, outer) is harvested from all the classes. Compared to the population model without harvesting, the survival probabilities during autumn are then modified from 1 to (1-h i ). When subject to harvesting, the sub-populations always displayed stable dynamics. The equilibrium population sizes (being functions of the fixed harvesting rates) are denoted as N in autumn =F(h in , h out ) and N out autumn =G(h in , h out ), where F and G represent the functional forms, and N i is the population size (i=inner, outer) just before harvesting. Harvesting in the outer area had a negative effect on the abundance of the outer as well as the inner area subpopulations, i.e. @N out /@h out =@G/@h out <0 and @F/ @h out <0. We also find @G/@h in <0 and @F/@h in <0, where the cross effects operate through migration and the inner area wolf predation (see Fig. 4 ). When the migration rate increases, the inner area subpopulation could be kept at the same size when harvested at a higher rate.
The bioeconomic model
Having evaluated the basic mechanism determining the overall harvest and population size in the outer and inner area for given harvesting rates, we now proceed to construct the bioeconomic model. The traditional exploitation of the moose in Scandinavia has been directed by maximising current profit, i.e. the meat value corrected for browsing damage, for stable populations (e.g. Skonhoft & Olaussen 2005) . This harvesting scheme is also explored here, and it is straightforward to show that it coincides with the steady-state of the dynamic problem of maximising present-value profit for a zero discount rate (see e.g. Clark 1990 , Chapter 2). Therefore, the following solution concept represents the equilibrium of the far more complex dynamic maximisation problem. It should also be noted that it is difficult to say very much analytically about the dynamics of the presentvalue profit maximising problem within this time discrete population model framework. One may suspect that it has some similarities with saddlepoint path type dynamics, as the profit is non-linear in the sub-populations (see main text below). It is alsodifficult tosolvethe dynamic optimisation problem numerically as it involves several state and several control variables.
The equilibrium profit for the landowners in the inner and outer area are given by
respectively, and where N i (i=inner, outer) is the autumn populations size (i.e. just before harvest). The unit hunting license p i (i=inner, outer) is the price that the hunters pay to the landowners, and D i (.) the damage cost function. Mattson (1994) observed a positive stock dependent willingness to pay for hunting licenses in Sweden while an ambiguous effect was observed between the price and the number of moose hunted. However, here we assume that the price in both areas is fixed and independent of the harvest and stock abundance. This is justified by the fact that there is generally competition among a large number of suppliers of hunting licenses. . Equilibrium moose population sizes at the end of the summer for different harvesting rates outside and inside the wolf territory, when the model was run with a low migration rate (M=0.2) and high migration rate (M=0.9), respectively.
However, the price may typically be different among the two areas, and the reason is that the presence of wolves makes it less attractive to hunt in the inner area, i.e. we may have p in jp out Á D in (.), the damage cost function for the inner area, depends on the size of the inner area sub-population after harvesting plus the number of migratory individuals from the outer population after harvesting, as the damage only happens during the winter. Similarly, D out (.) is the damage cost function for the outer area, depending only on the non-migratory part of the outer area sub-population. The cost is additive in the subpopulations with D i (0)=0 and increases with the number of animals, D' i (.)i0 (see Ho¨rnberg 2001) . We assume that D out =a out (1-M)(1-h out )N out and D in = a in (1-h in )N in +M(1-h out )N out , so that a i (i= inner, outer) is the constant cost per animal. As the damage functions may also vary between the areas due to differences in the quality of the timber stands or productivity of the forests, we explored the model for different cost constants (see Table 1 ).
Results
The unified management scheme Within the unified management scheme, the wildlife manager aims to find harvesting rates that maximise overall profit. When the manager gives equal weight to the profit of the landowners of the inner and the outer area, the optimal degree of exploitation is defined by max
subject to the equilibrium conditions N in =F(h in , h out ) and N out =G(h in , h out ). To find the harvest rate that maximises profit, we differentiate Equation 6 with respect to h in and separately with respect to h out . We set each of the resulting equations to zero. Rearranging terms, we get the first order conditions of the optimisation:
when assuming an interior solution (i.e. 0<h in <1, 0<h out <1, and N in >0 and N out >0).
The optimal bioeconomic equilibrium condition for harvesting in the inner area (Equation 7) shows that harvesting should take place up to the point where the marginal combined net harvesting income is equal to the marginal combined browsing damage cost. The interpretation of condition (8) is equivalent. Hence, the marginal browsing cost in the inner as well as the outer area is taken into account when determining optimal harvest size of the outer area, and follows from the very nature of the unified management scheme. From these optimal conditions, it can be seen that the harvesting rates, and consequently the population size distribution between the areas, will only be influenced by relative price and marginal cost values.
The first order conditions (Equations 7 and 8), together with the ecological constraints N in =F(h in , h out ) and N out =G(h in , h out ), determine simultaneously the optimal harvesting rates h i u and N i u (i=in, out) (superscript 'u' indicates unified management). The number of harvested moose in the two areas follows as h in u F(h in u , h out u ) and h out u G(h in u , h out u ). The numerical outcome from the model simulations largely confirms the general results presented above. When assuming linear damage cost functions (see Methods) but with very small costs per animal (scenario 1 in Table 2 ), the inner area should be harvested at a lower rate than the outer area due to the wolf predation. Exactly how much lower this rate should be will depend on the actual predation pressure. When the unit browsing cost is higher (scenario 2 in Table 2 ), this will increase the optimal harvesting rate in both areas as it then pays off to drive the stock size down and reduce the damage. However, if the cost is higher only in the inner area (scenario 3 in Table 2 ), the migration rate will have a large effect on the optimal strategies. At low migration rates, the inner area should be harvested at a higher rate than in scenario 1, whereas at higher migration rates, the optimal harvesting rate for the outer area will also be higher. Finally, if the harvesting value is reduced for the inner area (scenario 4 in Table 2 ), e.g. because the wolves make it less attractive to hunt in the inner area, this will only have a small effect on the optimal harvesting rates when the migration rate is low, but it will result in a higher optimal harvesting rate for the inner area and lower optimal harvesting rate for the outer area when the migration rate is high.
Non-unified management policy
When there is no unified resource management policy, landowners aim to maximise their individual private profit, i.e. harvesting income minus browsing damage. However, because of the seasonal moose migration and wolf predation, there is nevertheless a strategic interdependency between the landowners. It is assumed that the economic equilibrium concept will be of the Nash-type (see e.g. Clark 1990), i.e. each of the landowners seeks to find a harvesting strategy that maximises their private profit while taking the harvesting activity of the other as given. The harvesting fractions consistent with maximum profit of the landowners of both the inner and the outer areas are then the Nashequilibrium harvesting rates. This solution concept demands that the landowners have full information about each other's cost and benefit functions. Although this is a standard assumption in the Nashtype solution, it may generally be questioned for various reasons. However, in the present setting, with relatively homogeneous landowners and relatively open information flows, this assumption should not be too unrealistic.
Technically, the solution to the management problem of individual profit maximisation of this type occurs when the landowner of the inner area maximises (Equation 4) while taking the ecological constraint N in =F(h in , h out ) into account, and the landowner of the outer area maximises (Equation 5) while taking N out =G(h in , h out ) into account. The first order conditions of this problem (again assuming an interior solution) are
where Equation 9 is for the inner area landowner and Equation 10 is for the outer area landowner. In Equation 9 , the condition says that the inner area marginal private harvesting income should be equal to the marginal private browsing damage cost. The interpretation of the condition in Equation 10 is similar. Consequently, the damage caused by the outer area sub-population in the inner area is not taken into account by the outer area landowner. These optimal conditions are somewhat simpler than in the previous unified management scheme, Table 2 . Contrasting the unified and non-unified management schemes for four different scenarios: 1) similar harvesting value and browsing cost for both areas (p out =p in =10 and a out =a in =0.15), 2) similar harvesting value and browsing cost for both areas, but high browsing costs (p out =p i =1 and a out =a in =1.5), 3) higher browsing cost inside (a in =1.5, other values as in scenario 1), and 4) lower harvesting value inside than outside (p in =0.5, other values as in scenario 1). In A) the migration rate is low (M=0.2) and in B) the migration rate is high (M=0.9). All cost and benefit values are in 1000 NOK. H in and H out are the harvesting rates inside and outside the wolf territory, respectively, whereas N in and N out are the equilibrium population densities in the two areas. Difference (%) in yield between the unified and non-unified solution is given. In all cases, the non-unified solution is less profitable when comparing the total yield. 1) Represents the Nash equilibrium (note that the Nash equilibrium is found numerically).
2) In this case, the total yield is negative for the non-unified solution. This is because the outer area is harvested at a very low rate thus causing high browsing damages inside.
and the outer area harvesting price and marginal damage cost play no role in determining the private optimal strategies in the inner area, and vice versa. The first order condition (Equation 9) together with the ecological constraint N in =F(h in , h out ) yields the inner area harvesting fraction as a function of the outer area harvesting fraction, h in = f(h out ), and this will be the best-response function of the inner area landowner. Generally, we may expect the slope to be negative, df/dh out =f '<0, as more harvesting by the outer area landowner provides less scope for harvesting by the inner area landowner. In the same manner, the first order condition (Equation 10) together with N out =G(h in , h out ) yields the best-response function of the outer area landowner, h out =g(h in ). The slope of this function is also expected to be negative, g'<0. The interaction between these two best-response functions defines the Nash-equilibrium harvesting fractions, h i n (i=inner, outer), where superscript 'n' denotes the non-unified solution. Inserted in the ecological constraints, we next find the optimal population sizes: N in n =F(h in n , h out n ) and N out n =G(h out n , h in n ), and the number of harvested moose h out n F(h in n , h out n ) and h in n F(h in n , h out n ) inside and outside the wolf territory, respectively.
Based on the general optimisation results, the population size in the outer area will be higher in the non-unified management case than in the unified case, as the browsing damage of the outer area subpopulation in the inner area is not taken into account, i.e. N out u <N out n . However, for the inner area sub-population, the opposite will occur, as the wolf preys on a larger migratory moose population, N in u >N in n . We also find that the profit differs between the non-unified and unified case, and that the total profit is lower in the non-unified case as the externalities due to the migration are taken into account in the unified case (see also Skonhoft et al. 2002) . These results are confirmed by the numerical simulations which show that the outer area sub-population should generally be harvested at a lower rate (and hence, the population size will be larger) in the non-unified management scheme. See Table 2 for comparisons between the management schemes. This is most clearly seen when the migration rate and cost price per animal are high, as more of the browsing damage will take place in the inner area. In such circumstances, the difference in total yield between the social and private scheme is considerable (scenarios 2 and 3 in Table 2 ). The cross-over effect due to predation is apparent from the fact that it is optimal for the outer area landowner if the inner area is harvested at a low rate as the predation pressure on the migratory part of the outer area population then will be reduced. For the private profit in the inner area, the cross-over effect is much stronger, and the browsing damage caused by the migratory part of the outer area sub-population will increase as the migration rate increases. Generally, the private profit of the inner area landowner will be lower when the migration rate increases due to the increase in browsing damage.
Compared to the unified management scheme, the private profit of the outer area landowner will generally be higher in the non-unified management scheme, whereas the profit of the inner area landowner will be lower. Only in cases with a very low unit cost price due to browsing damage combined with a very high predation rate is the situation reversed.
Discussion
The management of many temperate ungulate species is likely to be influenced by the fact that animals move across management unit boundaries and between neighbouring landowners, who may hold contrasting management objectives. Yet relatively little attention has been paid to spatial aspects of harvesting. Here, we have shown that both ecological and economic factors can affect the optimal management of a spatially structured ungulate population, in a case where trade-offs between costs (browsing damage) and benefits (harvest income) vary spatially among landowners. Depending on the management scheme, we found that moose migration could have different effects on the optimal harvesting rates and thus the resulting population densities. In general, increasing migration rates resulted in larger discrepancies between the management schemes. We also demonstrated that the overall monetary yield is higher when landowners collaborate, i.e. when the managers are aiming at maximising the overall profit instead of the personal profit.
These may, in fact, be general results among northern ungulate populations as many are migratory and congregate on smaller winter ranges (Andersen 1991 . Since the winter diet of many large herbivores often includes a higher proportion of economically important tree species or agricultural crops than their summer diet, a typical situ-ation is thus that browsing costs are strongly asymmetrically distributed between the landowners. Moose browsing on Scots pine in Scandinavia is a well known example of such a scenario (Skonhoft 2005 , Skonhoft & Olaussen 2005 . We extend previous analyses of the role of migration by considering the new management situation facing many areas of Scandinavia , as well as around the world (Chapron et al. 2003 ; that recent recolonisation of large predators causes further variation in potential income from game harvesting between landowners. High wolf predation rates within a given area are known to lower the optimal harvest rate . Consequently, spatially variable wolf predation rates increase the asymmetry of the monetary yield caused by moose migration further as the landowner hosting most of the moose during the winter both receives high winter browsing costs and much lower harvesting rates due to wolf predation. As wolves will also prey on moose migrating in from outside their territory in winter, wolves increase the joint dependence, and this makes cooperation across management units even more important.
Optimal harvesting rates were affected by the migration rate under both management schemes. The differences between the unified and non-unified management schemes were minimal when migration rates were low, but became much more pronounced as the migration rate increased (i.e. stronger coupling). Although it is well documented that ungulates often migrate between summer and wintering grounds in temperate and arctic regions (e.g. Andersen 1991 , Mysterud 1999 , the proportion that migrates and the causes of variation in this parameter are rarely known. We may expect the proportion of migrants to increase with latitude as snow depth increases. Furthermore, annual variation in migration rates is likely due to varying snow conditions and temperature (Nelson 1995) , while the role of density is little studied and has mainly been addressed with regard to dispersal and only for a limited number of species (in roe deer : Wahlstro¨m & Liberg 1995a ,b, Pettorelli et al. 2003 , and in red deer: Clutton-Brock et al. 2002 . We suggest that future research should aim to improve our understanding of the movement patterns of large ungulates, as this will determine whether a unified management scheme is warranted or not.
Models are only as good as the assumptions they are based on. In addition to migration, there are uncertainties regarding the specific functional relationships for several factors. First, there is still large uncertainty surrounding the relationship between herbivore densities and browsing damage (Ho¨rn-berg 2001) . We assumed a linear relationship between moose densities and browsing damage. Although our general results also seem to hold when assuming other functional relationships (exponential or asymptotic), the actual form of the relationship is of crucial importance when deciding target population sizes and harvesting quotas. Second, significant uncertainty still exists about the factors causing spatial and temporal variation in kill rates (Marshal & Boutin 1999 , Sand et al. 2005 . As the wolf kill rates on moose reported from Scandinavia are considerably higher than those reported from North America (Sand et al. 2005 (Sand et al. , 2006 , the effects of wolf predation might have a much stronger impact here. Furthermore, in our deterministic approach, we have not considered any random noise affecting the population processes. In stochastic environments, however, the population growth rate, and therefore the potential harvestable surplus, tends to be lower than that predicted from purely deterministic models (Lande et al. 1994 , Alvarez 2000 . Finally, the actual functional form of the density-dependence function is known to affect the optimal harvesting rates (Runge & Johnson 2002 ). Thus, care should be taken in advising specific harvesting rates based on our results. However, pointing to the general insight of our findings is appropriate.
As more focus is put on the local management of renewable resources (cf. Article 2 in the Malawi principles), strong emphasis should also be put on cooperation between local managers. This could both increase the overall profit of mobile ecological resources, as well as reduce the asymmetry in the costs and benefits between stakeholders (Skonhoft & Olaussen 2005) . The approach taken here enabled us to combine a sound biological model with formal bioeconomic analysis. The present model framework could easily be extended to include a finer level of detail, whenever necessary. We think it may be generally applicable in a wide range of economic, ecological and institutional settings, when studying migratory species representing both costs and benefits that vary spatially.
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